In this paper we quantitatively examine the relationships between capital accumulation and vintage, as well as productivity of industries in Japan between 1980 and 2007. We based this analysis on a detailed measurement of capital stock as reported in financial data of firms listed on the Tokyo Stock Exchange and several secondary markets, like Mothers, We measured the vintage index and total factor productivity and carried out preliminary work required during empirical analysis. Subsequently, we conducted different kinds of estimations. Based on the empirical analyses, we confirmed that vintage had an effect on productivity in all industries studied. This effect was notable in the material, general machinery and transport equipment industries. In addition, by observing chronological changes of the vintage effect, we confirmed that vintage exerted a significant influence during the period of economic expansion,.particularly during the economic upturn which started in 2000, where strong vintage effects were generally observed in all the industries. It was clear that the rejuvenation of capital equipments during that period resulted out of the existence of a strong productivity effect. On the other hand, during the bubble period of late 1980s, vintage exerted no observable effects on productivity despite vivacious increases in investment.This shows that investment during this period was not necessarily productive and was likely to produce just a temporary boom. In light of this, we reconfirmed that the relationship * This paper is a revision of a paper presented at the workshop of Graduate School of Kobe
Introduction
After the collapse of the bubble economy in the early 1990s, the Japanese economy experienced almost 10 years of recession, termed as the 'ten lost years'. Many factors have been suggested as causes of this long-term stagnation, but the most prominent is the argument citing Japan's decrease in productivity. Hayashi and Prescott (2002) expounded a sensational message that the prolonged decline of total factor productivity (TFP) in Japan was the root of the economic stagnation and heated discussion has revolved around the trend of productivity in Japan ever since. However, the discussion seems to center on measurement methods of productivity, productivity by industry and characteristics by firm.
There seems to be less focus on the question of 'What factors influence productivity'? Therefore, this study identifies the mechanism of the determination and fluctuation of productivity in relation to capital accumulation and examines in detail the concept that new technology is embodied in new capital. Such an observation should allow us to reaffirm the multidimensional role of capital accumulation i.e.investment in equipment and register, insights into the relationship between productivity and the macro-economy in post-1980s Japan.
This study is constructed as follows. Section 2 introduces the concept of capital vintage and provides a detailed overview of prior studies regarding capital vintage and productivity. Section 3 presents the theoretical model at the basis of this analysis. Section 4 explains the data, followed by a detailed report of the demonstration results. Conclusions obtained in this analysis are summarised in the final section.
Overview
The study of capital accumulation and growth in a country's economy dates back to the research of Harrod and Domar and their findings are still studied as critical themes in macro-economics. Capital accumulation and increased investment in equipment generates economic growth through an expansion of production capacity while increasing effective demand through a multiplier process. However, in the discussions of Harrod and Domar, the relationship among capital accumulation, technological progress and economic growth is not always explicitly examined. Research into the relationship of technological progress and capital accumulation in economic growth was left to later studies.
On the other hand, in the 1950s, growth theories under the full employment economy were beginning to be actively researched by economists such as Solow and Swan (1956) . This era brought in the flourishing of the 'neo-classical growth theory'. These theories, under a full employment economy, explicitly discussed the role of technological progress and the types of technology but regarded these factors as exogenous, like manna from heaven. Neo-classical growth theory, later in the form of an endogenously assumed savings rate, develops as the optimum growth theory during and after the 1960s.
However, that period featured interesting thinking about the impact of endogenous technological progress on economic growth. Arrow (1962) argued that accumulation of experience in economic agents, particularly in firms, induces productivity, or, in other words, technological progress. According to Arrow, introduction of new machinery and equipment, i.e. new investment in equipment, provides learning opportunities for labourers involved in production. Higher productivity through their learning appears as technological progress that accelerates economic growth.
Solow (1960) investigated investment in new equipment from an aspect different from Arrow (1962).
He considered new machinery and equipment to include novel technology, different from conventional technologies and asked whether introduction of unconventional equipment improves productivity more than conventional technology. While Arrow emphasised workers' improved adaptability following introduction of new equipment, Solow focused on new technology as embodied in the new equipment itself which came to be known as 'the embodiment hypothesis'. Under the embodiment hypothesis, the year in which capital equipment was installed indicates the level of technological standard. Therefore, by naming the age of the equipment 'vintage', Solow theoretically clarified the relationship of capital accumulation, technological progress and economic growth. Solow (1960) also attempted a quantitative analysis in which he set and estimated a production function that has real capital embodying technological progress as the production factor and calculated the rate of embodied technological progress. Nelson (1964) followed Solow's (1960) idea, improved the quantitative analysis and concluded that the embodiment hypothesis was probably established in the American economy from 1929 to 1960 . Phelps (1962 also sought to measure the embodied technological progress.
The study of technological progress embodied in the capital is undergoing extensive analyses in the same direction of productivity fluctuation in an actual macro-economy. Since the 1970s, productivity has been declining in major developed countries such as the United States. In view of this circumstance, Kendrick (1980) and Clark (1979) employed growth accounting analysis to calculate the rate of technological progress embodied in capital. In particular, Clark (1979) noted that of the 1.17% productivity decrease over 1965-1973 to 1973-1978 , only 0.1% is accounted for by the decline of embodied technological progress.
Analysis of the embodiment hypothesis was pursued vigorously in the 1990s, likely because U.S. productivity rose notably during the latter 1990s. In the U.S., the growth rate of equipment investment, centering on IT, accelerated from an average 3.2% in the 1980s to 5.9% in the 1990s. IT investment collectively refers to investment in various technologies with personal computers dominating budgets, communication devices such as mobile phones and the equipment used to develop and manufacture these products. In IT-related investment, new technology is embodied at high speed as is represented in Moore's Law and may suggest a clear relationship between capital vintage and productivity.
Recognizing that possibility, academia revived the embodiment hypothesis. Wolff (1991 , 1996 ) applied Nelson's (1964 method to examine the G7 countries at the industry level. Wolff (1991) explained the productivity decrease of the 1970s and in 1996 examined the productivity in 1973. Both analyses demonstrated that the technological progress embodied in capital is significant and cannot be ignored.
Hulten (1992), Greenwood et al., (1997) , Gittleman et al., (2006) and Hobjin (2001) also measured productivity at the industry level. In particular, Hulten (1992) analysed the embodiment hypothesis within the long-term time-series 1949-1983 using capital goods prices adjusted by quality. According to
Hulten, approximately 20% of the TFP growth rate of U.S. manufacturing was embodied in capital during this period. He also concluded that when the sample period is divided into 1949-1973 and 1974-1983 , the rate of contribution of the embodied technological progress differs little between the two periods. Gittleman et al., (2006) conducted a detailed analysis in which they re-calculated TFP considering the economic obsolescence rate associated with capital vintage and the depreciation rate of capital stock. Their analysis based on the data between 1947-1997 from the U.S. Bureau of Economic Analysis (BEA) pointed out that the rate of technological progress embodied in capital is approximately 5% of the TFP growth rate. Sakallearis (2001 ) utilised Nelson's (1964 framework in analysing the data of American manufacturing from 1974 to 1988 (three-digit SIC category) and indicated that the rate of technological progress embodied in capital is approximately 10% of the TFP growth rate.
Investigations based on micro-data at the firm level are being pursued vigorously. Bahk and Gort (1993) attempted to estimate the production function with labour, human capital, physical capital and capital vintage as production factors in considering the learning process in productive activities. Their investigation used panel data of 2,150 plants. Power (1998) Nelson's (1964) framework in analysing micro-data of 24,000 plants in American manufacturing between 1972 and 1996. According to their findings, the rate of technological progress embodied in capital accounts for 8%-17% of the TFP growth rate.
Interest in the embodiment hypothesis is longstanding in Japan. Watanabe and Egaitsu (1967) confirmed quantitatively using Nelson's (1964) method that the embodiment hypothesis was established during the Japanese economy's high-growth period (sample period is [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] . However, when Japan entered its low-growth period during and after the late 1970s, the increasing age of capital associated with faltering capital investment was pointed out and the resulting stagnation of productivity became worrisome. The Japan Development Bank (1979) conducted a pioneering attempt that estimated the vintage series in Japan and this was followed by a more sophisticated vintage calculation by Japan Development Bank (1981 Bank ( ,1983 Bank ( ,1984 , Kuninori and Takahashi (1984) and Suzuki and Miyagawa (1986) .
After the stagnation of 'the ten lost years', active discussion regarding productivity and economic growth in Japan occurred in the 2000s. Hayashi and Prescott (2003) Unlike these quantitative analyses, the Development Bank of Japan (2005) sought detailed data about Japanese equipment investment through a questionnaire survey of individual firms. This survey investigates interesting matters, uniquely allowed for awareness surveys, such as (1) the level of awareness of equipment aging, (2) disadvantages of aging equipment and (3) prospects for future equipment age. Based on its survey, the Development Bank of Japan (2005) indicated that Japanese firms are inclined to make investments based on maintaining equipment at a certain age level.
This study has three major characteristics not found in earlier studies. First, it uses micro-data to perform a substitutive calculation of capital stock and to measure the capital vintage series in an approach consistent with the calculation of capital stock. The traditional calculation of capital stock used accounting methods on disposal amounts by way of the declining balance method and the straight-line method to calculate capital stock. Nevertheless, this assumption is strictly based on an accounting concept and does not reflect actual physical depletion. Hence, this study calculated the gross capital stock based on acquisition cost and successfully measured the capital vintage in a manner consistent with this calculation. Although there are many prior studies regarding capital vintage and productivity, but this study's analysis, which calculates capital vintage time-series by firm using micro-data, is unprecedented. This study's second notable contribution is in using vintage series to analyse fluctuation factors of productivity in detail. Its third contribution is a detailed examination of how the effects of vintage on productivity relate to the economic cycle. This point also has not been fully explained in traditional quantitative analyses.
Model
The theoretical framework used as a base for this analysis is essentially identical to that presented in Nelson (1964) . Various firms build up capital stock in the form of Equation (1).
In this situation, represents real gross capital stock at the end of period t and
represents real gross investment of period t. As Equation (1) is a simplified version, the capital depreciation rate is assumed to be 0. If the initial capital stock was assumed to be 0, the capital stock derived from Equation (1) would be the sum of gross business investment of each period from period 1 to period t-1 and can be represented in the form of Equation (2).
Currently (period t), firms decide the production level ( Y t ), based on the labour input level of period t ( ) and the capital stock of the end of period t-1. In this situation, from the capital stock at the end of period t-1, the production level is represented by , based on the capital equipment ( ), of period s ( ). When the firms are equipped with the Cobb-Douglas production function structure, they can be represented by
In this situation, represents the number of employees at period t who operate the capital equipment installed at period s ( ) and represents the technology level at period t of capital Equation (5) can be derived by rearranging the formula, after substituting Equation (4) into Equation (3).
At this point, the capital stock at the end of period t-1 will be accounted for and the production level of the current period (t) can be edited to be similar to Equation (6), when the proportion of investments of period s at the time of establishment is assumed to be ts θ . TFP can be defined with Equation (7).
quation (8) can be derived by rearranging the equation after substituting Equation (6) into Equation (7). E
The technological progress is set according to the exponential figure below.
( )
When s is larger, in ther words when the date of capital establishment is closer, the level of o technological progress will be larger.
At this point, perform a Maclaurin expansion near λ=0 on the 3 rd item on the right of Equation (10) and (11) ow, set the vintage index to have the same structure as Equation (12). (12) From Equation (12), it is shown that the vintage index is dependent on two elements: the time f equipm rearrange to obtain Equation ( 
4-1 Calculati
There is a demand for carr pr capabilities that is needed for the estimation of productivity. There are two differences between capital stock in terms of production abilities and tangible fixed assets, in accounting terms.
First, tangible fixed assets with the depreciation subtracted from the balance sheets are accounted in net capital stock (KNN) and the purchase cost, including accumulated depreciation, carried the tangible fixed assets schedule is accounted for as gross capital stock (KGN). The capital stock with production abilities as an index can be measured by the existing amount of equipment. With this, it is preferable to be the gross capital stock 1 . For accounting purposes, fixed tangible assets is a nominal value, but because the capital stock as an index of production abilities is represented by the amount of equipment, there is need for a real concept.
Based on the macro or industrial level, there are two methods of measuring real gross capital ock: the st benchmark method and the perpetual inventory method. At the firm level, other than the methods stated above, Griliches and Mairesse (1984) is realised with the deflator (PI) of the average age of equipment (AA t ) and the nominal gross capital stock (KGN).
he average age of equipment (AA t ) is defined by subtracting the amount of accumulated depreciation capital stock using the benchmark method To calculate firm-level an ysical depletion rate (δ) can be calculated using
ith the initial nominal capital stock as a benchmark. The initial value to be used as a benchmark is petual inventory method. 4 Nominal gross capital stock (KGN) is btained fr w affected by the estimation results.
Our study adopted the per o om the current volume of previous investments. With the proportion of the equipment of year t installed in year v assumed, φ as real gross capital stock (KGR), can be obtained with the deflator (PI) of the various periods of past investments.
1 OECD (2001) is based on the Age-Efficiency Profile, that recommends estimation of macro / industrial level capital stock, but when handling industrial data, it can only be used in the concept of aggregating various kinds of assets such as buildings, construction, machinery and equipment etc. Therefore, it states that estimation based on Age-Efficiency Profile is not advisable. 2 Using the same method, Hall (1990) . 3 See Hayashi-Inoue(1991) . 4 The method was adopted in Tokutsu (1981) and Tokutsu-Hagiwara (1992) .
When compared to the capital k of th evious riod 5 , stoc e pr pe
This paper estimates gross capital stock ass .
The data from the tangible fixe ed in the annual report which listed companies (20) uming 'One-Hoss Shay Decay'. In other words, the data used in ( )
are obligated to report and disclose to the Financial Services Agency. The tangible fixed assets schedule includes such items as the increase in current-period tangible fixed assets (IN), the decrease in current-period tangible fixed assets (SN), balance of tangible fixed assets at the end of period (acquired amount base) (KGN), accumulated depreciation of tangible fixed assets (CDEP), current-period depreciation of tangible fixed assets (DEP), (according to balance sheets) tangible fixed assets (net capital stock: KNN). In these periods, the below mentioned relations are established.
In case of fixed percentage in reducing balance method,
In case of straight line method ( )
Although these rules are adequate in accounting, capital stock as production capability does not decay under such rules. 7 , fix the value and use it. The amount of current-period depreciation (SN t ) will correspond to the current-period increase amount of （t-θ td+1 ）. , retroactive business affiliation of the investments can be achieved.
By using this data, the procedu This is the same as executing the benchmark method, but it has a unique characteristic of processing with the service life obt t fixed and by using the available data for amounts of the current-period crease, age Index
The vintage index is determined by the average age of existing equipment. 
4-2 Creation of the Vint
With diminishing-balance depreciation as a prerequisite, we can obtain:
In case the most recent service life is not available, we abandon making data of the firm. 
Empirical Evidence

5-1 Estimation Results (1)
First, we conducted estimations for the period 1980-2007. Table 1 shows the summary of the random effects model and Table 2 Finally, we shall discuss the impact on the constant term. The constant term (α) is different from the factors behind the trend, as can be seen in Equation (9) in the theoretical model of Section 3.
Instead, it represents a technology improvement factor. This factor is of no relation to temporal changes such as economic cycles and economic expansions, but it is believed to be a factor which reflects a range of industry-specific m ctor is significantly positive across all industries. We were able to confirm that factors not seen as linked to uptrend and vintage actually spurred total factor productivity. These effects may differ slightly across industries, but we were able to observe a positive effect on the whole.
5-2 Estimation Results (2)
Next we shall present estimations by industry. Table 1-1 and Table 1 -2 show estimations based on Equation (12) To explore the reasons for this phenomenon, we conduct two complementary investigations. First, the rolling estimated coefficients of vintage in Equation (17) are regressed by the intensity of research and development (abbreviated R&D intensity) and by the researcher-employee ratio 9 . To investigate that regression, we selected two types of dependent variables: the coefficient of embodied technological progress ( γ λ− = in Equation (17) μ in Equation. (17)) 10 . The estimation results appear in Table 2 . Both R&D intensity and the researcher-employee ratio exert positively significant effects on disembodied technical progress ( μ ).
These explanatory variables, however, do not show the correct sign. That indicates the enforcement of research and development stimulates disembodied technological progress and it does not necessarily link to embodie ological progress. In this complementary estimation, industrial level data 16 industries) is used to investigate the relationship between technological progress and research and development. It is essential that future research examine this issue using data from individual firms.
As a second complementary investigation, we looked at the share of non-factory buildings (dormitories, employee recreation centres and others) included in capital stock during the various periods and we examined changes in that share. Capital equipment in these facilities did not necessarily feature the latest technology and did not directly instigate improvements in productivity. Table 2 shows the share of buildings, excluding factory facilities, in various industries (recorded as Kshare). In addition, d techn ( we r ecorded the average values of the coefficients during the period, which were measured according to rolling estimation. From this table we see that more than half of the periods which registered the highest Kshare were from the bubble period. During the same period, we also see that vintage coefficient values were remarkably low compared to other periods. In contrast, during the Izanami boom after 2000, Kshare was comparatively low while vintage coefficient values were high across all industries. Hence, even within the same economic expansion period, the vintage effect does not necessarily present the same situation and is strongly reliant on the content of the capital equipment.
Conclusions
Based on the financial data of listed companies, this paper quantitatively examined the relationship between the vintage of Japanese capital equipment and productivity. As the foundation of our empirical analysis we conducted a detailed measurement of the capital stock. We next measured the intage index and total factor productivity and completed the preliminary work required during ntually we reached the following points based on results of our estimations. We reconfirmed that the rejuvenation of capital equipment during the same period was a result of s ivity effect. On the other hand, during the late 1980s, despite vivacious increase in investment, the vintage effect exerted observable effect on productivity. This shows that investment during this period was not necessarily productive in reality and is highly likely to be just a temporary boom.
We have made negligible attempts to deeply analyse the factors that determine productivity.
Besides reconfirming the effect of vintage on productivity, we succeeded in examining closely the multi-faceted role vintage plays during different economic cycles. The global economy still has not shown clear signs of recovery; however our analysis shows that sustained economic expansion and recovery requires higher productivity and that capital accumulation is significant, effectiv nsable in improving productivity. Kshare is industry share of building in capital stock. S ed are is the highest share.
Vintage coefficient is average of estimate in Figure 3 .
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